augmented to account for biofuels related sectors. We focus on ethanol productioni n the medium term; that is, around 2015. We assume that while improvements in current technology and the impact of biotechnology will improve yields and technical plant efficiency, the medium term impact of ethanol from cellulose and other technological breakthroughs will be small. Under those assumptions, we also explore the implications of biofuels on pesticide use. A future paper will examine the longer term with the impact of ethanol from cellulose as the main focus.
While av ariety of feedstocks are being considered, most ethanol production currently is from corn and sugar in the US and Brazil, respectively. A bushel of corn can produce approximately 2.65 gallons of ethanol using a wet mill process or 2.75 gallons using a dry mill process (Shapouri & Salassi, 2006) . This means that with existing technology and current corn yields the entire current corn production in the US (which constitutes 40% of total global corn production) would only yield enough ethanol to satisfy 15% of total domestic US transportation energy demand (FernandezCornejo et al., 2008) . However, technical innovations are leading to crop yield increases. Between 1975 and 2005, US corn yields almost doubled, from 5.4 metric tons per hectare (80 bushels/acre) to around 9.4 metric tons per hectare (close to 150 bushels/acre). More than half of this increase can be attributed to genetic improvements that made possible higher yielding seed varieties; other contributing factors were improvements in pest and nutrient control (FernandezCornejo, 2004) .
Brazil has produced a sizeable amount of sugar cane for centuries, but mostly for sugar processing and the production Whether ethanol production can continue to grow (with current conversion technology) without a considerable expansion in land for corn in the US (or sugar cane in Brazil) depends on whether yields will continue to increase as they have done in recent decades.
The Model and Data
By generating stress on natural resources, global increases in human populations and economic activities may threaten long-run agricultural and environmental sustainability. Evaluations of how economic growth may be maintained without sacrificing environmental amenities in the 21st century are hampered, however, by the lack of appropriate modeling tools. To help overcome this problem, the ERS developed FARM.
FARM is an integrated modeling framework designed to analyze global changes related to long-run agricultural and environmental resources. This model was originally developed by Roy Darwin and others (Darwin et al., 1995; Darwin & Kennedy, 2000) . Darwin and his collaborators were among the first to model global economic production by agroecological zones (AEZs), where agricultural production is determined partly by climate and other physical characteristics reflecting the suitability of land to grow different crops and the productivity of land for different uses.
The FARM framework integrates an environmental and an economic component (Darwin et al., 1995) . The environmental component consists of a geographic information system (GIS) that links land cover and climate data with land and water resources. Climate is linked with land resources by AEZs defined primarily in terms of the length of the growing season. The growing season represents the period during the year that soil temperature and moisture conditions support plant growth.
The environmental database of FARM II includes the following information on land and water resources: basic land covers by country rainfed and irrigated AEZs, thermal regimes, and plant hardiness zones (PHZs); freshwater withdrawals by country and sector, and agricultural withdrawals by US State; and potential irrigation water requirements. The primary unit of analysis is a0 .5 o × 0.5 o latitude-longitude grid cell.
The economic component of FARM II incorporates the latest version of the Global Trade Analysis Project (GTAP) database, version 7.2, which represents the world economy as of 2004.
FARM II includes a computable general equilibrium (CGE) model that is global in the sense that all regions in the world are covered. Production and consumption decisions in each region are determined within the model following behavior that is consistent with neoclassical economic theory. The CGE model is calibrated using the GTAP database, but modified so agricultural production activities, returns to the factors of agricultural production, factor demand, and supply response are specified and solved by AEZ. For this application, the GTAP sector data were aggregated into 25 sectors, including 8 agricultural commodities (six crops -paddy rice, wheat, other grains, oilseeds, sugar crops, other crops -cattle and other livestock). There are also 17 other non-agriculturalrelated sectors: forestry products, coal, oil, gas, other minerals; fish, meat and dairy; other processed food; vegetable oils and fats; sugar; lumber; manufacturing non-metallic; chemical, rubber, and plastic products; petroleum and coal products; other manufacturing; transportation services; services; and capital goods. In addition, by splitting GTAP sectors, we created the corn, soybeans and two ethanol sectors, arriving to a total of 29 sectors.
For the biofuel study, the data are aggregated into 15 countries/regions: Canada, US, Mexico, Brazil, other Western Hemisphere, European Union (EU25), Russia, China, India, other East Asia, other South Asia, OPEC countries, Oceania, Africa, and the rest of the world. Finally, we consider the following endowments: land, unskilled labor, skilled labor, capital, natural resources, and irrigation water.
Scenarios
We consider two scenarios, both for the medium term. The first scenario with trend land productivity (yields) assumes that US producers attempt to meet the Revised Renewable 
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Source RFA (2008) 3 This paper uses the widely accepted equivalent variation (i.e., consumers' willingness to pay) to measure the social welfare gains or losses due to the increased ethanol production (e.g., to meet the Renewable Fuel Standard -in the US.) The EV measurement of welfare uses the status-quo (prepolicy) prices as the base and addresses the question: what income would be equivalent to the change brought about by the policy (Varian, 1984) .
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Fuels Standard for the medium term (around 2015); that is, the US will have a total production target of around 15 billion gallons per year of conventional biofuels (ethanol from corn starch) (RFA, 2008) . In this scenario, the yield gains follow current trends. In the case of the US, corn yield gains are consistent with USDA's baseline projections (USDA. 2008). The first scenario also assumes that Brazilian producers will attempt to meet the ethanol production estimates set up in the Brazilian national energy plan (EPE, 2007) , which implies that there will be moderate yield increases, following current trends (Table 1 ).
In the second scenario, we assume that there will be additional land productivity (yield) gains in the US as predicted by some experts (Schicker, 2008) . For Brazil, we assume land productivity gains 10% higher than in the first scenario. It is also assumed that for the medium term there will not be a substantial amount of cellulosic ethanol. Table  1summarizes yields and other basic technical data related to corn-based ethanol production in the US and sugar canebased ethanol in Brazil in accordance with the two mediumterm scenarios.
Preliminary Results
Selected preliminary results from the model simulations are summarized in Figures 2-3 and Table 2 . All impacts for the two scenarios are measured as percentage changes from the base (2005/2006) . In the first (trend productivity) scenario, as a result of about a2 20% increase in the production of corn-based ethanol in the US and a 120% increase of sugar cane-based ethanol in Brazil, US corn production increases by about 33%, US corn prices increase by 23% while corn ethanol prices decrease by about 8%. US land devoted to corn increases by 18% (Fig. 2) . In Brazil, the 120% increase 
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in sugar cane-based ethanol leads to an increase in sugar cane production of 53%. Sugar cane prices rise by about 24%, sugar ethanol prices decrease by about 20%, and land use increases by 52% (Fig. 3) . In the second, higher productivity, scenario, as corn-based ethanol rises by about 220%, US corn production increases by 39%, US corn prices increase by 23%, corn ethanol prices decrease by 9%, and corn acreage increases by 16% (Fig. 2) . In Brazil, a 120% increase in sugar cane-based ethanol leads to sugar cane production increases of almost 55% and sugar cane price increases of 24%. Land used to grow sugar cane increases by about 51% (Fig. 3) .
Overall global welfare changes are presented in Table 2 . 3 In both scenarios, greater production of corn-based and sugar cane-based ethanol leads to moderate global welfare gains with the largest gains accruing to Brazil and smaller gains to the US. The OPEC countries, not surprisingly, are the main losers.
Implications for Pesticide Use
In the medium term, the impact of ethanol from cellulose and other technological breakthroughs is likely to be small. Thus, the two major ethanol producing countries, the US and Brazil will be using corn and sugar cane as feedstocks, respectively. In the US, under the trend productivity scenario, as shown in Figure 2 , the additional corn area will be around 18%. Since 162 million pounds of pesticides were applied to 76.5 million acres of corn in 2005 (mainly herbicides such atrazine, acetochlor, metolachlor, and glyphosate) and assuming that pesticide rates in corn will not change from the current rates of 2.12 pounds per acre (2.37 kg per ha) as reported by the USDA (USDA, 2006) , then the additional pesticide use in corn would be around 28 million pounds per year. However, the net increase in pesticide use in the US would be smaller because of decreased pesticide use corresponding to some reductions in land devoted to other crops and livestock.
In Brazil, under the trend productivity scenario, ethanol production would lead to a 52% increase in sugar cane acreage relative to 2005. Since pesticide (including 2,4-D, clomazone, ametryne, hexazinone, diuron, MSMA, fipronil, endosulfan, and ethephon) expenditures in sugar cane in 2005 were $362 million in Brazil (ICEX, 2007) , the additional pesticide expenditures would be around $188 million at constant prices, assuming also that pesticide rates for sugar cane would not change from the current rates. If most of the new sugar cane acreage comes from pastures, as predicted by Guimaraes (2008) , there would be little reduction in pesticide use on other crops offsetting the increases in pesticide use in sugar cane.
Pesticide use increases in corn in the US and in sugar cane in Brazil may also be reduced if the adoption of genetically engineered varieties increases.
In the longer term, if ethanol production from biomass becomes commercially viable and replaces some of the cornbased ethanol in the US, the effect on pesticide use would be noticeable because biomass crops are likely to use less pesticide. In particular, as shown by a National Academy of Sciences report, based on the study by Tilman et al. (2006) , production of mixtures of native grassland perennials may be sustainable with low pesticide use (about 20 times less than corn). In addition, as the cellulosic technology develops, the use of crop residues or woody biomass as biofuel feedstocks could replace some of the corn used in ethanol production. This would likely reduce pesticide use.
Summary and Concluding Comments
This paper presents the first part of an effort to evaluate the global potential for biofuel adoption under different economic, policy, and technological assumptions. The analysis is based on the revised FARM II, which is an integrated modeling framework developed by USDA's ERS designed for analyzing global changes related to long-run agricultural and environmental sustainability. FARM II includes a new environmental database linked to the production of agricultural and forestry commodities according to AEZs. FARM II also includes a CGE model of the global economy and the GTAP 7 database modified to reflect FARM II's economic structure and has been adapted for the analysis of the implications of global biofuel production. This paper includes preliminary simulation results under two technological and policy scenarios focusing on the medium term. Future work, currently under development, includes further revising the database to incorporate the latest available data and the inclusion of second generation (i.e., cellulosic) feedstocks.
